ABSTRACT Estimation of the efÞcacy of mosquito repellents requires both laboratory and Þeld tests. The results of Þeld tests are more meaningful, but the safety of volunteers in such tests may be a signiÞcant concern. In the current study, we compared tests of mosquito repellent efÞcacy under semiÞeld conditions in an outdoor enclosure with those under laboratory and Þeld conditions. In this study, we assessed the efÞcacy of N,N-diethyl-meta-toluamide under laboratory conditions with human volunteers and under semiÞeld and Þeld conditions with Centers for Disease Control and Prevention traps and experimental mice. A semiÞeld test may be a suitable replacement for the more difÞcult Þeld test for assessment of mosquito repellent efÞcacy. SemiÞeld tests should be considered when developing new guidelines for testing.
Mosquitoes are known vectors of severe disease-causing pathogens that affect many people all over the world. Aedes albopictus (Skuse) is known to carry dengue and encephalitis (Leisnham et al. 2008) , Anopheles carries malaria, and Culex pipiens pallens carries Þlarial disease (Georghiou et al. 1991 , WHO 1992 . Repellents play an important role in protecting humans from the bites of mosquitoes (Katritzky et al. 2008) . As many mosquito repellents are developed, standardized guidelines are needed to test the efÞcacy and safety of these agents.
In the United States, tests of repellents against mosquitoes and other pests are performed according to guidelines of the Environmental Protection Agency (US EPA; US EPA 2009) and the American Society for Testing and Materials (ASTM; ASTM 2006) . Although European guidelines have not been developed, efÞ-cacy testing is performed according to guidelines of the World Health Organization Pesticide Evaluation Scheme (WHOPES; WHOPES 2009) and the US EPA, and these are considered international standard testing guidelines.
The efÞcacy of a mosquito repellent is estimated based on laboratory and Þeld test results. Laboratory tests are performed under controlled conditions with uninfected laboratory-reared mosquitoes and human volunteers according to US EPA or WHOPES guidelines. Field tests are performed in accordance with the WHOPES and US EPA guidelines and also require human volunteers. However, it is very difÞcult to obtain institutional review board (IRB) approval for Þeld tests in geographic regions where there is a possibility that subjects may contract a mosquito-borne pathogen from wild mosquitoes. Climate is also a problematic factor with Þeld testing, especially in Korea, which has four distinct seasons and only a very limited time when Þeld tests can be performed.
In the current study, we examined the use of efÞ-cacy testing of mosquito repellents in outdoor "semiÞeld" conditions with a Centers for Disease Control and Prevention (CDC) trap to capture mosquitoes and experimental mice instead of human volunteers. Furthermore, we examined the performance of tests in a predesigned outdoor enclosure, instead of true Þeld tests, to overcome testing difÞculties caused by environmental factors, such as heavy rain and strong wind.
Materials and Methods
Mosquitoes Used. Ae. albopictus mosquitoes were used for efÞcacy testing. Individuals were brought to the Division of Medical Entomology of the Korea Centers for Disease Control and Prevention and reared and maintained at 27 Ϯ 1ЊC, 70 Ϯ 5% relative humidity (RH), and a photoperiod of 12:12 (L:D) h at a dedicated facility of Konkuk University. MosquitoesÕ larvae were fed a mixture of one part aquarium Þsh feed to Þve parts water. Adult mosquitoes were fed and maintained on a 10% sucrose solution using methods described by Gerberg et al. (1994) . Adults were reared in 40 by 50 by 40 cm wire mesh cages. For breeding, females were offered a mouse to blood feed on overnight.
Five-to 10-d-old female mosquitoes, which had never received a bloodmeal, were used for the repellent test.
Test Repellent. A widely used commercial mosquito repellent (containing 24% N, ) was purchased commercially (Insectan Spray, Green Cross, Yongin, South Korea) and used for all tests. For laboratory tests, 1.5 ml of repellent was applied to a volunteerÕs forearm between the wrist and elbow area (Logan et al. 2010) . For the Þeld and semiÞeld tests, cotton balls moistened with 1.5 ml of repellent were attached to traps.
Test Cage for Laboratory Tests. A test cage (40 by 50 by 40 cm) was made with a metal frame to make decontamination easier. All sides were covered with a transparent white net to allow viewing. A fabric sleeve was added to the front side of the test cage to allow access by a human forearm.
Patch Test. The patch containing 24% DEET was applied to clean skin on the volunteerÕs forearm. The patch test remained on the skin for 48 h. Volunteers were advised that the patch could not get wet during this time (Bernstein et al. 2008) .
The patch was removed by medical personnel after 48 h, and an initial reading of the test was performed. A permanent or surgical marker was used to mark the region on the forearm where the patch was before removal, for an additional reading of the results at 96 h after the initial placement of the patch test, after which the Þnal reading of the test results was completed.
Laboratory Tests. The laboratory tests were conducted using WHOPES and US EPA methods with minor modiÞcations. A total of 200 female mosquitoes (age, 5Ð10 d), which had never received a bloodmeal, were placed into each test cage. These mosquitoes were starved of their sugar diet for 12 h before test initiation.
Before the start of the test, the volunteerÕs arms were washed with unscented soap, rinsed with water, and dried for 5 min. The test repellent was applied evenly on the right forearm between the wrist and elbow using a pipette, and the solution was allowed to dry for Ϸ5 min. The volunteer wore a mosquito-proof glove for hand protection. As a control, the untreated left arm was placed into a test cage for 3 min, and the numbers of mosquitoes that landed or bit the arm inside the cage were recorded. If fewer than 10 mosquitoes landed on the control arm, the volunteer was excluded from the test group. For the repellent test, each treated right arm was placed into the test cage and exposed for 3 min at 1-h intervals for 6 h. The number of mosquitoes that landed or bit the arm was recorded every hour.
Repellency (R) was calculated using a formula similar to that used by Schreck (1977) . R(%) ϭ (C Ϫ T/C) ϫ 100%where C is the number of mosquito bites in the control arm and T is the number of mosquito bites in the treated arm. The repellency of the control and treated arms was compared with an F-test, and a P value of 0.05 was considered signiÞcant. SPSS (IBM Corporation, Armonk, NY) was used for statistical analysis.
The complete protection time (CPT) was determined by calculating the number of minutes from the time of repellent application and the Þrst mosquito landing on or biting of the treated arm. If the CPT could not be established for some of the volunteers because of the lack of mosquitoes biting, a KaplanÐ Meier survival function was also used to estimate CPT.
CDC Traps. Female biting mosquitoes require blood to nourish their eggs. They track down hosts by sensing the carbon dioxide, moisture, and heat from breath and body odor. A restricted mouse was placed to attract mosquitoes in an attracting area as a control, and a cotton ball (5 by 5 cm) moistened with 1.5 ml of 24% DEET was placed with a mouse as a test group.
Decoyed mosquitoes enter the trap through the capture windows on the upper portion, and then are drawn into the capture net at the lower compartment. When they are drawn into the net, they are unable to ßy upward because of the strong current of the suction fan. The number of trapped mosquitoes was counted to evaluate the repellent effect (Fig. 1) .
Semifield Tests. The semiÞeld tests were performed three times at 1-wk intervals in an outdoor enclosure of 12 by 3 by 2.5 m at 26 Ð28ЊC and 65Ð75% RH in Gyeonggi-do, South Korea. The two untreated traps (controls) and two repellent-treated traps were placed 3 m apart in an outdoor enclosure (Fig. 2) .
Two thousand Ae. albopictus laboratory-reared individuals (5-to 8-d-old) were used for testing. All mosquitoes used were not blood-fed and sugar-starved for 12 h before treatment exposure. Mosquitoes were placed in the test enclosures for 2 h to acclimate before initiation of the repellent experiments. After introduction of the mosquitoes into the facility, the number of mosquitoes caught in each trap was recorded by at 2, 4, and 6 h. Repellency was calculated, and the control and test groups were compared with an F-test as laboratory test. These tests were repeated three times and the average values are given.
Field Tests. Field tests were performed at 26 Ð28ЊC, 65Ð75% RH, and a wind speed of 0 Ð2 m/s at a rolling mountainous region in Gyeonggi-do, South Korea. Experiments were performed under the same conditions as the semiÞeld test, with two untreated (control) traps and two repellent-treated traps placed 3 m apart in the evening. After placement of the traps, the number of mosquitoes caught in each trap was counted at 2, 4, and 6 h. After 6 h, repellency was calculated, and the control and test groups were compared as described above. These tests were repeated three times and the average values are given.
Ethics. For laboratory testing, 10 volunteers were enrolled after IRB approval. Initially, patch testing for skin allergies to 24% DEET was performed according to the protocol described by Leonard et al. (2008) .
Clinical trials were performed with the approval of the IRB at Konkuk University Hospital (KUH1120025). The use of animals was approved by the Institutional Animal Care and Use Committee of Konkuk University (KU12078).
Results
Patch Test for DEET Safety. Ten volunteers underwent efÞcacy testing with 24% DEET. Initial patch tests were performed on the volunteersÕ forearms to assess allergic response. A dermatologist examined all volunteers at 48 and 96 h, and determined that none of them had allergic reactions. This indicated that 24% DEET and the excipient ingredients were safe for these volunteers.
Laboratory Tests. The mean (ϮSE) number of mosquitoes landing on an untreated (control) forearm was 16 (Ϯ1.71; Table 1 ). Thus, based on WHOPES and US EPA guidelines, our experimental conditions were appropriate for laboratory testing. Table 1 shows the number of mosquitoes that landed on untreated and treated forearms and the percent repellency each hour for 6 h. The results indicate 100% repellency during the Þrst 3 h. One volunteer (V10) was bitten by a mosquito at 4 h, two volunteers (V9 and V10) were bitten at 5 h, and six volunteers (V2, V3, V4, V6, V9, and V10) were bitten at 6 h. Thus, the repellency was 99.5% (Ϯ0.46) at 4 h, 97.9% (Ϯ1.49) at 5 h, and 90.3% (Ϯ4.16) at 6 h. These results indicate that 24% DEET had repellency of Ͼ90% for 6 h and that the CPT was Ͼ330 min. Four volunteers (V1, V5, V7, and V8) were not bitten by mosquitoes for 6 h, so the average CPT for all 10 volunteers could not be calculated. Thus, we estimated CPT using the KaplanÐMeier survival function. The results indicated that the CPT was 360 Ϯ 1.96 min (95% CI: 315.45Ð 405.55 min). Therefore, the median CPT is expected to be between 315.45 and 405.55 min for 95% of volunteers.. Semifield Tests. A total of 2,000 mosquitoes were released into the outdoor enclosure 2 h before the test, and the number of mosquitoes caught in each trap was recorded at 2, 4, and 6 h. The results (Table 2) indicated that no mosquitoes were caught in the repellenttreated traps at 2 h. In the Þrst semiÞeld test (Þrst), 32 mosquitoes were caught in the Þrst untreated trap (C1) and 16 mosquitoes in the second untreated trap (C2) at 4 h. However, one mosquito was caught in the Þrst treated trap (T1) and two mosquitoes were caught in the second treated trap (T2) at 4 h. Overall, the semiÞeld tests showed that repellency was 100% at 2 h, 96.3% at 4 h, and 89.4% at 6 h. Although there were small differences in the mosquito populations during the three tests, an F-test showed that the Þrst, second, and third tests had no signiÞcant difference in percentage repellency (P ϭ 0.7462, P ϭ 0.9208, and P ϭ 0.8219, respectively). These semiÞeld test results indicate that there was a consistent response to DEET in experiments performed on different weeks. In addition, an F-test indicated that the repellency of 24% DEET was similar in the semiÞeld and laboratory tests with regard to the repellency at 2, 4, and 6 h (P ϭ 0.9849).
Field Tests. Finally, we performed Þeld tests to extend the results of laboratory and semiÞeld testing for repellency of 24% DEET. No mosquitoes were caught in the repellent-treated traps at 2 h, similar to the semiÞeld tests. In the Þrst Þeld test, there were 37 mosquitoes in the Þrst untreated trap (C1) and 31 mosquitoes in the second untreated trap (C2) at 4 h. However, there were two mosquitoes in the Þrst treated trap (T1) and one mosquito in the second untreated trap (T2) at 4 h. Overall, 24% DEET repellency in the Þrst Þeld test was 100% at 2 h, 95.6% at 4 h, and 89.9% at 6 h. For all three Þeld tests, the repellency Fig. 2 . Outdoor enclosure used for semiÞeld testing of mosquito repellent. An outdoor enclosure was established in Gyeonggi-do, South Korea, which contained two DEET-treated CDC traps and two untreated CDC traps. Table 1 . Laboratory testing of 24% DEET repellency and CPT. R was measured each hour and CPT was determined by calculating the number of minutes from the time of repellent application to the first mosquito landing 0  100  0  100  0  100  0  100  Unknown  V2  10  0  100  0  100  0  100  1  90  360  V3  10  0  100  0  100  0  100  4  60  360  V4  25  0  100  0  100  0  100  1  96  360  V5  12  0  100  0  100  0  100  0  100  Unknown  V6  22  0  100  0  100  0  100  1  95.4  360  V7  11  0  100  0  100  0  100  0  100  Unknown  V8  15  0  100  0  100  0  100  0  100  Unknown  V9  13  0  100  0  100  1 Repellency (R) was measured each hour and CPT was determined by calculating the number of minutes from the time of repellent application to the Þrst mosquito landing.
* P Ͻ 0.0001, ** P Ͻ 0.0009.
was 100% (Ϯ0) at 2 h, 96.3% (Ϯ0.49) at 4 h, and 88.7% (Ϯ0.70) at 6 h (Table 3) . Although there were only a small number of trapped mosquitoes in these tests, the results (based on modiÞcation of US EPA and WHOPES guidelines) were very similar to those of the laboratory and semiÞeld tests.
Discussion
Several countries are applying guidelines, such as the WHOPES, US EPA, and ASTM, to evaluate the efÞcacy of mosquito repellents. EfÞcacy testing for mosquito repellents requires laboratory and Þeld tests. Laboratory tests are performed under controlled conditions with safe (uninfected) mosquitoes reared in a laboratory, and these tests can be readily performed according to US EPA or WHOPES guidelines. However, Þeld testing of human subjects in accordance with the WHOPES and US EPA guidelines is difÞcult to perform in South Korea because humans may be infected with pathogens from wild mosquitoes. In addition, the climate in South Korea changes signiÞ-cantly throughout the year, thus limiting the times when Þeld testing can be performed. The results of the current study suggest that an outdoor enclosure is a suitable alternative for traditional Þeld testing. We suggest that the Korea Food & Drug Administration should consider the use of our semiÞeld test method for assessment of mosquito repellents in regions where traditional Þeld testing is not possible.
The effectiveness of a repellent in Þeld tests can be affected by many environmental factors, such as humidity, temperature, and wind speed, and these differ throughout the year and in different geographic regions. Moreover, the results of Þeld testing for mosquitoes in one area may not be applicable to other areas that are inhabited by different species of mosquitoes. For example, Cx. pipiens pallens is a night feeder that is relatively unaggressive, whereas Ae. albopictus is an aggressive day feeder. Accordingly, Kiarie-Makara et al. (2010) reported greater efÞcacy of a repellent against Cx. pipiens pallens than Ae. albopictus.
The measured efÞcacy of a mosquito repellent in Þeld tests should be similar under different environmental conditions and against different species or it will not be approved by the Korea Food and Drug Administration. Thus, we used Ae. albopictus and an outdoor enclosure that was maintained at a temperature and humidity optimal for mosquitoes. In addition, we used CDC traps to capture mosquitoes and used experimental mice instead of human volunteers to attract the mosquitoes (Njiru et al. 2006 , Okumu et al. 2009 ). Our three tests of efÞcacy under semiÞeld conditions produced results consistent with the results of our laboratory and Þeld tests. Thus, repellency testing by semiÞeld conditions appears to be a suitable alternative to Þeld testing when Þeld testing is not possible.
In conclusion, the semiÞeld testing method described in this study has several advantages. First, it can be performed at different times of the year and under different weather conditions. Most new insect Table 2 . Semifield testing of DEET repellency. The number of mosquitoes caught in each trap was recorded at 2, 4, and 6 h for calculation of repellency The number of mosquitoes caught in each trap was recorded at 2, 4, and 6 h for calculation of repellency. * P Ͻ 0.0001.
repellents require approval before marketing. However, the available Þeld test periods are very short and depend on seasonal conditions. Our semiÞeld test can be performed at any time, even in winter. Second, our semiÞeld testing does not require human volunteers, who may be vulnerable to life-threatening diseases carried by mosquitoes in South Korea and other geographic areas. We suggest that semiÞeld tests be considered in future guidelines for efÞcacy testing of mosquito repellents. Table 3 . Field testing of DEET repellency. The number of mosquitoes caught in each trap was recorded at 2, 4, and 6 h for calculation of repellency The number of mosquitoes caught in each trap was recorded at 2, 4, and 6 h for calculation of repellency. * P Ͻ 0.0001, ** P Ͻ 0.0076.
